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Self-assembled-monolayer (SAM) molecular junctions (MJs) constitute a promising building block
candidate for future molecular electronic devices. Transport properties of SAM-MJs are usually cal-
culate using either the phenomenological Simmons model, or a fully-coherent transport theory,
employing the SAMs periodicity. We suggest that dephasing plays an important role in determin-
ing the transport properties of SAM-MJs. We present an approach for calculating the transport
properties of SAM-MJs that inherently takes into account in-plane dephasing in the electron motion
as it traverses the SAM plane. The calculation is based on the non-equilibrium Green’s function
formalism, with a local dynamics approximation that describes incoherent motion along the SAM
plane. Our approach describes well the two hallmarks of transport through SAM-MJs, namely
the exponential decay of current with molecular chain length and the reduction of the current per
molecule as compared to single-molecule junctions. Specifically, we show that dephasing leads to
an exponential decay of the current as a function of molecular length, even for resonant tunneling,
where the fully coherent calculation shows little or no length-dependence of the current. The de-
phasing is also shown to lead to a substantial reduction of the current in a SAM-MJ as compared to
the single molecule junction, in a realistic parameter regime, where the coherent calculation shows
only a very small reduction of the current. Finally, we discuss the effect of dephasing on more subtle
transport phenomena such as the conductance even-odd effect and negative differential resistance.
INTRODUCTION
Self-assembled-monolayer (SAM) based molecular
junctions (MJs) may become the basic building block for
future molecular organic electronics [1–21]. The most
common theoretical tool to analyze SAM-MJs transport
properties is the so-called Simmons model, which essen-
tially treats the MJs as a square potential barrier, typi-
cally taking the difference between the Fermi level in the
electrodes and the molecular orbital energy as the barrier
height [2, 22–27]. Evidently, such a phenomenological
model cannot capture all the subtleties that accompany
SAM molecular structure [24]. For instance, it does not
explicitly take into account the inter-molecular interac-
tions, experimentally proven to have a large effect on
the transport properties of SAM-MJs (see e.g. [28, 29]).
A more microscopic approach to study transport proper-
ties of SAM-MJs is based on calculating the transmission
function of the SAM-MJ using Green’s functions [30–32],
treating the SAM as a perfect periodic lattice [27, 33–44]
and assuming that the SAM generate coherent electronic
bands [34, 45].
There are two prominent hallmarks of transport
through SAM-MJs. The first is the exponential decay
of current (or conductance at low biases) with the num-
ber of molecules in the molecular chains which form the
SAM (see e.g. [46–50]). Typically, the conductance de-
cays exponentially with the chain length and is given by
G = G0e
−βn , (1)
where G0 describes the tunneling from the electrodes into
the molecule, β is the exponential decay coefficient and n
the number of atoms in the molecule. β is commonly dis-
cussed within the Simmons model, where the width of the
barrier replaces the molecular length. This is clearly an
over-simplification of the molecular junction [24], since,
for instance, β does not take into account the detailed
structure of the molecule and certainly not the SAM
inter-molecular tunneling. The Simmons model was ex-
tended to account for inter-molecular coupling [51, 52]
assuming fully incoherent electron tranfer between neigh-
boring molecules. Within the microscopic theory, the
exponential decay of length is explained as off-resonant
tunneling [21], when the Fermi energy lies outside the
coherent band formed by the SAM (effectively making it
similar to the Simmons model).
This theory has several drawbacks. First, the exponen-
tial decay typically persists even at large biases where the
energies may be beyond the band edges. Furthermore, it
seems that the exponential decay is a universal feature,
which may occur even if the Fermi energy lies within the
molecular bands. Assuming intra-molecular coupling t
and inter-molecular coupling γ, the width of the molec-
ular band would be ∼ 2t + 4γ, which means that to lie
outside the molecular band the Fermi level has to lie at
a distance t + 2γ from the molecular level. An estimate
of intra-molecular coupling of t ∼ 1.5− 3 eV and a sim-
ilar value for γ would mean that the Fermi level has to
lie at least ∼ 3 − 6eV away from the molecular orbitals.
Put differently, the fact that in a single molecule junction
the transport is off-resonance does not guarantee that it
is the case also for transport through a SAM-MJ of the
same molecule, due to the inter-molecular coupling.
The second hallmark of transport through SAM-MJs
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2is the reduction of the current per molecule, as compared
to a single-molecule junction with the same molecule.
Experimentally, it has been shown that the current of
a SAM-MJ is dramatically smaller (by three orders of
magnitude) than for a single-molecule junction with the
same molecules, a reduction that has been attributed to
the molecular environment of the SAM [29, 50]. This was
addressed by Landau et al. [37], who showed a reduc-
tion in the transmission function of a SAM as compared
to the single-molecule junction. As discussed in details
in the supplemental material, we have repeated the cal-
culation (using a wide-band approximation), essentially
reproducing the results of Ref. [37]. However, the cal-
culation shows that in order to achieve a three orders of
magnitude reduction in the current, an unphysical inter-
molecular coupling that exceeds 6 eV is needed, again
pointing to an inconsistency between the theory and ex-
periment.
Overcoming the above apparent inconsistencies is the
main goal of this work. To do so, we posit that a cen-
tral missing ingredient in the coherent band description
is the dephasing in the electron motion as it traverses the
SAM plane. This dephasing may occur due to the inter-
action of electrons with the soft surface phonon modes
[53], that are not present in single-molecule junctions
(which only have optical modes). These soft modes can
strongly affect the electron motion (electron-phonon in-
teraction strength is inversely proportional to the phonon
frequency), but the electron-phonon scattering can be al-
most elastic, resulting only in the loss of electron phases
during its motion in the SAM plane. Dephasing due to
electron-phonon interactions (along the molecular chain)
in single-molecule junctions was recently shown to lead
to an exponential decay of conductance with length for
short molecular wires [54]. Earlier studies of dephas-
ing in molecular junctions demonstrated that the length-
dependence of the conductance can critically depend on
dephasing [55, 56].
Model and method. – We model the single molecule as a
chain of orbitals connected by tunneling matrix elements
(schematically depicted in Fig. 1(a)), similar to the model
used in, e.g., Refs. [36, 37, 57]. The Hamiltonian for a
molecular chain at position r in the SAM is given by
Hr = 0
n∑
i
|r, i〉〈r, i| − t
n∑
i
|r, i〉〈r, i+ 1|+ H.c. , (2)
where i is the position along the chain, n is the num-
ber of orbitals(i.e. the chain length), 0 is the molecular
orbital energy and t is the intra-molecular hopping ma-
trix element. The inter-molecular tunneling is assumed
to takes place only between nearest-neighboring atoms,
and only between orbitals at the same position i along
the molecule [36, 37]. The corresponding Hamiltonian
term is
H〈r,r′〉 = −γ
n∑
i
|r, i〉〈r′, i|+ H.c. , (3)
where γ is the inter-molecule hopping matrix element,
which interpolates between the single-molecule junction
(γ = 0) and the SAM-MJ (γ 6= 0).
The calculation is based on the Green’s function
(NEGF) theory [32], and the properties of the SAM as
well as the dephasing are self-consistently incorporated
into the molecular self-energy[58–60]. We treat elec-
tron dephasing on a phenomenological level, common in
the study of dephasing effects on transport, see, e.g.,
Refs. [54, 61–63]. The method is presented here for a
general Hamiltonian, and then implemented for the spe-
cific simplified model for the SAM of Eq. (3).
Within the Green’s function approach, one evaluates
the GF of the molecular junction
Gr,a(ω) = (E −H± Σr,a)−1 , (4)
where Gr,a(ω) are the retarded/advanced Green’s func-
tion and Σr,a are the retarded/advanced self-energies due
to the electrodes, which are assumed to be known (typ-
ically these are taken in the wide-band approximation
[32, 57]). Once Gr,a(ω) is known, the current is given by
[30–32]
J =
e
h
ˆ
dETr (ΣrLGrΣaRGa) (fL(E)− fR(E)) (5)
where ΣL,R is the contribution to the self-energy from
the left/right electrode and fL,R are the Fermi functions
of the left and right electrodes, respectively,
fL,R(E) =
(
1 + exp(
E−µL,R
T )
)−1
. The chemical po-
tentials are tuned by the external voltage bias, µL,R =
µ±V/2 (hereafter we set µ = 0). The conductance of the
junction (per molecule) is given by G = e
2
h τ(µ), where
τ(E) = Tr (ΣrLGrΣaRGa) is the transmission function.
For a microscopic description of transport through
SAM-MJ, one has to consider a parallel arrangement of
molecules that are in contact with the electrodes and with
each other, and incorporate this into the GF. To do so,
we write the Hamiltonian as follows,
HSAM =
∑
r
Hr +
∑
〈r,r′〉
Hr,r′ , (6)
where r, r′ are positions on the two-dimensional plane
of the SAM, and we assume that only nearest-neighbor
〈r, r′〉 molecules interact. Writing the Hamiltonian
in the basis of the single molecules we have Hr =∑
nEnc
†
r,ncr,n, where c
†
r,n is the creation operator for
the molecular orbital |r, n〉 in the molecule (with energy
En) located at position r. The inter-molecule tunneling
Hamiltonian has the general form
Hr,r′ =
∑
n,m
γn,mr,r′ c
†
r,ncr′,m + h.c . (7)
3To calculate the single-molecule Green’s function Grr;n,
we use the Dyson’s equation, which for the Hamiltonian
above gives
Grr;n = grr;n + grr;n
∑
r′,m
γn,mr,r′ Gr′,r;m,n , (8)
where grr;n is the bare Green’s function (of the single
molecule, no SAM). The off-diagonal full Green’s func-
tion Gr′,r;m,n can be expressed in terms of Gr with an
additional Dyson’s equation, leading to the term
Gr′,r;m,n =
∑
r′′,m′
γm
′,m
r′′,r′ gr′,r′;m,mGrr′′,r′;m′,n . (9)
Plugging this back into the first Dyson’s equation leads
to the following expression,
Grr = (ω −Hr + Σrelec + ΣrSAM)−1 (10)
where the self-energy ΣSAM takes into account the inter-
molecule tunneling within the SAM, and Σelec is the self-
energy due to the electrodes. The self-energy (in matrix
notation) is given by
ΣSAM(r;n) =
∑
r′,r′′,m,m′
γn,mr,r′ γ
m′,n
r′′,r Gr′,r′′;m,m′ , (11)
where both r′, r′′ are nearest neighbors of r and the
Green’s function is defined as Gr′,r′′;m,m′ ∼ 〈c†r′,mcr′′,m′〉.
This description of the self-energy is not useful, since the
non-local Green’s function cannot be simply determined.
To proceed, we posit that an electron which tunnels
from the molecule at r to its neighbor at r′, will return
to r from that same molecule at r′. This is equivalent to
the assumption that an electron traversing the SAM loses
its phase when making more than one consecutive hop
between the molecules (or, put differently, to assuming
that the dephasing time is shorter than the typical time
it takes the electron to traverse between two neighboring
molecules on the SAM). The Green’s function Gr′,r′′;m,m′
in Eq. 11 describes the electron propagation from point
r′ to point r′′ in the SAM. The propagation can occur
via different paths ( three possible examples are shown
in Fig. 1(b) by red, green and blue lines). One can write
then Gr′,r′′;m,m′ =
∑
p |Gp(r′, r′′)|eiφp(r
′,r′′), where the
sum is over all the different paths p leading from point r′
to point r′′, |Gp(r′, r′′)| is the amplitude of the given path
and φp(r
′, r′′) is the phase acquired by the electron wave
function. Due to the dephasing, φp(r
′, r′′) are random
phases, and therefore their sum vanishes.
The only case where the phases do not cancel out is
the case where r′ = r′′. Thus, that the main contribution
to the SAM self-energy is from the local part, i.e.,
ΣSAM(r;n) =
∑
r′,m
|γn,mr,r′ |2Gm,r′ . (12)
Assuming that the SAM has spatial homogeneity, the
Green’s functions and the tunneling matrix elements do
not depend on the positions, and one is left with
Gr = (ω −Hr + Σrelec + ΣrSAM)−1
[ΣrSAM]n,m = |γn,m|2Grm,n, Grm,n = 〈m|Gr|n〉 ,(13)
which are to be solved self-consistently (a Feynman dia-
gram description of the derivation is given in the Supple-
mental material).
Now returning to the specific model discussed here,
the specific choice for the inter-molecular tunneling in
the Hamiltonian of Eq. 3 leads to a SAM self-energy of
the form [ΣrSAM]i,j = δi,jγ
2〈i|Gr|i〉. The electrode self-
energies Σrelec = Σ
r
elec,L + Σ
r
elec,R (for the left and right
electrodes, respectively), are taken in the wide band ap-
proximation [57]. Considering the entire SAM, the elec-
trode self-energies would be
Σrelec,L = −i
Γ
2
∑
r
|L(r)〉〈L(r)| ,
Σrelec,R = −i
Γ
2
∑
r
|R(r)〉〈R(r)| , (14)
where Γ is the level broadening and |L(r)〉 and |R(r)〉
are the left-most and right-most orbitals of the molecular
chain at position r along the SAM plane. However, for
the single-molecule nature of our approach and assum-
ing that the SAM and electrodes are homogeneous, the
self-energy becomes independent of position and in terms
of the single molecule orbital, it is given by Σrelec,L =
−iΓ2 |L〉〈L|,Σrelec,R = −iΓ2 |R〉〈R| (see Fig. 1(a)).
RESULTS - LENGTH DEPENDENCE OF
CONDUCTANCE AND CURRENT REDUCTION
We start by studying the length-dependence of the con-
ductance. In Fig. 1(b) the transmission as a function of
molecule length n is plotted for different values of the
inter-molecule tunneling amplitude γ = 0, 0.1, 0.2, ..., 2
eV (other parameters are 0 = 0.3 eV, Γ = 50 meV and
t = 1.6 eV). It is important to note that we are not
aiming at a detailed quantitative agreement with some
specific experiments, but rather, to demonstrate qualita-
tive agreement with known results. Thus, the parameters
we chose should be understood to represent a general ex-
ample rather than a specific system. A clear crossover
is observed from a ballistic regime, characterized by an
oscillating dependence of conductance on length, to an
exponentially decaying transmission (note the log scale).
We note that by ”ballistic transport” we mean that once
an electron jumps from the electrode to the molecule,
it does not scatter until it reaches the other side of the
junction. Note that the Fermi energy is well within the
molecular band, and for a fully coherent model would
4FIG. 1: (a) Schematic illustration of the model: A SAM of
molecular chains with n orbitals. The electrons in the SAM
can tunnel between the chain orbitals (with tunneling ampli-
tude t), from the molecules into the electrodes (inducing a
level broadening Γ) and between nearest-neighbor molecules
in the SAM (with tunneling amplitude γ). This inter-
molecular tunneling gives rise to a self-energy term ΣSAM that
is calculated self-consistently with the single-electron Green’s
function (Eq. 13). (b) Schematic presentation of the calcu-
lation leading to Eq. 13. The Green’s function Gr′,r′′;m,m′ in
Eq. 11 describes the electron propagation from point r′ to
point r′′ in the SAM. The propagation can occur via different
paths, three possible examples are shown (red, green and blue
lines). The approximation now assumes that due to dephas-
ing, each path carries a different random phase contribution,
and these random phases average out to a vanishingly small
contribution to the total Green’s function.
result in an oscillatory dependence of length. We thus
conclude that electron dephasing directly leads to an ex-
ponential decay of conductance, even in resonant trans-
port (i.e. when the Fermi level is within the molecular
band) [54].
It is useful to describe our system in the terms pre-
sented in Refs. [55, 56], which demonstrated that de-
phasing (due to, e.g., molecule-solvent interactions) can
change the length-dependence of the conductance, driv-
ing it from a coherent dependence (”tunneling regime”)
to a normal ohmic dependence (”hopping regime”), a
crossover which was also shown to happen in thermal
transport of one-dimensional systems [64]. The SAM-
MJ in the presence of in-plane dephasing is thus a system
which displays am in-plane ”hopping” behavior coupled
to a longitudinal ”tunneling” behavior, resulting in an
exponential dependence of the current on chain length
even at the resonant tunneling regime.
The method allows us to directly relate the exponential
decay coefficient β and the conductance coefficient G0 de-
fined in Eq. (1) (per molecule, in units of e2/h) to the pa-
rameters of the molecule and the interface. In Fig. 3, β is
plotted as a function of the various parameters describing
the molecular junction, namely, the inter-molecule cou-
pling γ (main panel), the molecular orbital energy level
0 (top-right inset), the intra-molecular tunneling am-
plitude t (top-left inset) and the electrode-induced level
broadening Γ (bottom inset). For each calculation, only
one parameter is changed and the rest are kept fixed,
with the numerical values t = 1.6 eV, 0 = 0.3 eV, γ = 1
FIG. 2: Transmission as a function of molecule length n
for different values of the inter-molecule tunneling amplitude
γ = 0, 0.1, 0.2, ..., 2 eV, displaying a crossover from ballistic
transport to exponential decay.
eV and Γ = 0.05 eV. Even this simple example shows
several important features: (i) The obtained values of
β ∼ 0.5 − 1.5 range within the observed experimental
values, (ii) β strongly depends on the inter-molecule cou-
pling γ, a dependence which has not been studied in de-
tail in the literature, (iii) the dependence on 0 is strong,
and there is almost no dependence on Γ, in accordance
with the Simmons model. The results of Fig. 2-3 should
be contrasted with the fully coherent transport calcula-
tion (as in Ref. [37]) which does not take into account
any dephasing, and for similar parameters cannot cap-
ture the exponential decay at all , as is explicitly shown
in Fig. S1(b) of the supplemental material.
FIG. 3: Exponential decay coefficient β as a function molec-
ular junction parameters. Main panel: β as a function of
the inter-molecular tunneling amplitude γ. Top-left inset: β
Vs. intra-molecule tunneling amplitude t. Top-right inset: β
Vs. molecular orbital energy 0. Bottom inset: β Vs. level
broadening Γ.
The conductance coefficient G0 (per molecule, in units
of e2/h), can vary substantially between different SAM-
MJs [46–49]. In Fig. 4, G0 is plotted as a function of (a)
inter-molecular coupling γ, (b) level broadening Γ, (c)
intra-molecular hopping t (in log scale) and (d) molec-
ular orbital energy 0 (numerical parameters same as in
5Fig. 3). Notably, G0 decays exponentially with γ, an ef-
fect that has never been discussed in the literature, and
demonstrates the strong influence of inter-molecular cou-
pling and dephasing on the transport properties of SAM-
MJs. In addition, the strong dependence of G0 on the
other molecular parameters may explain the variations
of G0 between different SAM-MJs.
FIG. 4: G0 (defined in Eq. (1)) as a function of (a) inter-
molecular coupling γ, (b) level broadening Γ, (c) intra-
molecular hopping t (log scale) and (d) molecular orbital en-
ergy 0.
We next turn to the reduction of of current in SAM-
MJs compared to their single-molecule counterparts. For
the theoretical model, we consider a SAM where each
molecule is described by a single orbital (i.e., n = 1) [37].
For this case, there is only one orbital and the molec-
ular Green’s function obeys the self-consistency equa-
tion Gr = 1ω−0−iΓ+4γ2Gr (we assume that the SAM is
arranged in a square lattice with 4 nearest neighbors).
From the Green’s function one can calculate the trans-
mission function and the current. In Fig. 5 the I-V char-
acteristics of the junctions are shown for the two cases of
(i) a single-molecule junction, i.e., γ = 0, with no inter-
molecule tunneling (solid red line), and (ii) a SAM-MJ
with γ = 0.75 eV (dashed black line). Other numeri-
cal parameters are the level broadening Γ = 20 meV,
molecular orbital energy 0 = 0.5 eV, and temperature
T = 10 K (which is experimentally relevant [29], taken
hereafter). These parameters were chosen to obtain a
qualitative fit with the experiments. The experimental
I-V measurements [29] are shown on the top-left inset for
comparison, and the resemblance between theory and ex-
periment is evident even for this extremely simple model
for the molecule.
To understand the origin of this huge reduction in the
current for a SAM-MJ compared to the single-molecule
junction, in the bottom-right inset we plot the transmis-
sion function τ(E) for the single-molecule and the SAM.
For the single molecule junction, the transmission func-
tion has the usual Lorentzian shape and reaches τ = 1
at the resonance. For the SAM, on the other hand, the
transmission exhibits a plateau with a low transmission
value, about three orders of magnitude lower than the
single molecule. This, again, should be contrasted with
the fully coherent model, which requires an unrealisti-
cally large coupling γ > 6eV in order to reach the cur-
rent reduction observed experimentally (see Fig. S3 in
the supplemental material). We note that the reduc-
tion of current in SAM-MJs occurs assuming that the
other molecular parameters (e.g., energy levels, coupling
to electrode) remain the same.
FIG. 5: Comparison between the I-V characteristics (per
molecule) of a single-molecule junction (solid red line) and
SAM-MJ (dashed black line), showing a huge decrease in the
current though the SAM-MJ. Top-left inset: experimental re-
sults of the same, taken with permission from [29]. Bottom-
right inset: transmission function τ(E) for the single-molecule
and SAM-MJ , showing the origin of the decrease in current.
See text for numerical parameters.
This ”flattening” of the transmission function, which
also occurs for longer molecules, may help to explain the
apparent robustness of SAM-MJs against fluctuations in
the molecular parameters (mainly the positions of the
HOMO and LUMO levels)[1, 65, 66]. In single-molecule
junctions, the conductance (and even the thermopower)
are subject to large fluctuations [67–72], due to strong
sensitivity of the transmission function to variations in
both the molecular orbital energy and the molecule-
electrode coupling (represented here by 0 and Γ, re-
spectively). The HOMO energy can vary on a scale of
∼ 1 eV due to slight changes in molecular alignment
with the electrode. SAM-MJs, on the other hand, seem
to be much more stable against these fluctuations, and
the current distributions are significantly narrower than
for single-molecule junctions. The flattened transmission
function of SAM-MJs may offer a possible explanation,
since changes in the position of the LUMO do not affect
much the transmission (see supplemental material).
The flattening of the transmission function has an ad-
ditional consequence, as it provides the prediction that
the thermopower of SAM-MJs would be substantially
smaller than the thermopower of single-molecule junc-
tions. the reason is that, at least at low temperatures, the
thermopower S is proportional to the logarithmic deriva-
6tive of the transmission [71], S ∝ d log τ(E)dE
∣∣∣
E=Ef
(where
Ef is the Fermi energy). Thus, the flattening of the trans-
mission function will result in a reduction of S, which
may even change sign between the single-molecule and
the SAM junctions. A detailed analysis of thermopower
of SAMs is left for a future publication.
RESULTS - ODD-EVEN EFFECT AND
NEGATIVE DIFFERENTIAL RESISTANCE
The dephasing mechanism we present here can also ac-
count for the more subtle features of transport through
SAM-MJs. An example is the odd-even effect, which was
recently demonstrated experimentally [28, 66]: the total
current at a given voltage (or equivalently the conduc-
tance) shows the usual exponential decay with respect to
the number or molecular elements (number of ethylenes
in Ref. [66]), j = j0e
−βn, yet there is a statistically clear
distinction between chains with odd or even number of
ethylenes. Thuo et al. [66] do not support any specific
origin for these oscillations, only stating that it is not
captured by the Simmons model, thus pointing at its in-
completeness.
In transport through ballistic molecular wires, one ex-
pects the transmission to have an odd-even effect due
to the standing-wave nature of the electronic states in
the wire [73]. It turns out that this signature of coher-
ent transport can persist even as γ extrapolates from the
molecular-wire (γ = 0) to the SAM (large γ), depending
on other parameters of the molecular junction. In Fig. 6
the transmission as a function of molecular length n is
plotted for γ = 0.5eV. This is a large value, considering
that the level broadening is taken to be Γ = 0.05 eV and
the intra-molecular tunneling amplitude t = 1.6eV. The
odd-even effect is clearly visible, on top of the exponential
decay of the transmission (note the log scale). Here the
molecular orbital level is taken to be relatively close to
the chemical potential (resonant tunneling), 0 = 0.2 eV.
When considering a molecular orbital level that is further
away from the chemical potential, however, the odd-even
effect vanishes, as is shown in the inset of Fig. 6, where
the transmission as a function of molecular length is plot-
ted for 0 = 3 eV, and the odd-even effect cannot be de-
tected. The odd-even effect is thus due to the delicate
competition between coherent transport in the direction
of the molecules and dephasing along the SAM plane. It
is important to note that the explanation proposed here
may not be the only cause for an odd-even effect: differ-
ences in the end-groups, contact angle and contact area
also play roles in the odd-even effect. [28]
As a final example for the effect of dephasing on trans-
port in SAM-MJs, we consider the negative differential
resistance (NDR). When a molecular junction is placed
under a voltage bias, the current is typically a monoton-
FIG. 6: Transmission τ as a function of molecular length n,
for γ = 0.5eV and 0 = 0.2 eV. A clear odd-even effect is
visible. Inset: same for 0 = 3 eV, indicating that the odd-
even effect vanishes for molecular orbital energy values that
are far from the chemical potential.
ically increasing function of bias (resulting in the usual
positive differential resistance). However, in certain situ-
ations, the current decreases with increasing bias, result-
ing in the so-called NDR. This effect has been observed
in a large variety of molecular junctions, and it can be
chemical in origin (i.e. due to chemical changes in the
junction at some voltage) or electronic in origin [74–89].
To demonstrate that our method and model can cap-
ture NDR, we add an additional term to the simple model
of Eq. 3 to account for the voltage drop along the junc-
tion, HV =
∑n
i=1 αV
(
1
2 − i−1n−1
)
|i〉〈i|, so that there is
a linear voltage drop of αV along the junction. The pa-
rameter α determines the fraction of voltage that drops
on the molecule. For α = 0 all the voltage drop occurs
at the contact point between the molecules and the elec-
trodes, and for α = 1 the voltage drop is fully along the
molecules. In principle, the voltage drop should be cal-
culated self-consistently [90–95]. However, for the sake
of simplicity and since we only wish to demonstrate the
method’s capabilities, we take α as an external param-
eter. In Fig. 7 the I-V characteristics of a molecular
wire of length n = 6 are plotted for different values of
α = 0, 0.2, 0.4, ..., 1, ranging from no voltage drop on the
molecule (α = 0) to a full potential drop on the molecule
and no voltage drop along the molecule-electrode inter-
face (α = 1). For large enough α a reduction of the
current with increasing voltage, i.e. NDR, is observed.
To track the origin of the NDR, in the top left inset
the transmission function is plotted for different values
of voltage V = 0, 0.4, 0.8, ..., 4 eV (for α = 0.6), and the
decrease in the total transmission is seen. The origin of
the NDR is thus the following: the current is defined as
the integral of the transmission function over the voltage
drop window. As the voltage bias increases, the inte-
gration window increases, but simultaneously the trans-
mission function decreases, and these are two competing
effects. For low voltages the increase in current is due to
the increase in the integration window. At a certain volt-
7age which depends on the molecular parameters (marked
in dashed line in the top-left inset), the two effects bal-
ance each other, leading to a maximum in the current.
Beyond this bias, the reduction of the transmission due to
the voltage drop along the junction becomes dominant,
resulting in a decrease in the current and NDR.
The NDR appears in single-moledcule junctions as well
as in SAM-MJ. In the bottom-right inset of Fig. 7 we
plot the I-V characteristics for molecular wire with γ = 0
(single-molecule) and γ = 1eV (SAM, current multiplied
by a factor of twenty for comparison), for α = 0.6. The
clear difference between the curves demonstrates the ef-
fect of the in-plane dephasing on the NDR, and the differ-
ence between transport though a single-molecule junction
and SAM-MJ is a prediction which is verifiable within
current experimental capabilities .
FIG. 7: I-V characteristics of a molecular chain of length n,
for different values of the voltage drop along the molecule,
α = 0, 0.2, 0.4, ..., 1. Top-left inset: transmission function for
different values of voltage bias. Bottom-right inset: I-V char-
acteristics for of a single-molecule junction (γ = 0) and SAM-
MJ (γ = 1), for α = 0.6.
CONCLUSION
In summary, we have shown that incorporating in-
plane dephasing into the transport calculation allows us
to explain several universal transport features of SAM-
MJs. The current per molecule was calculated within the
Green’s function approach, and dephasing was treated on
a phenomenological level, by self-consistently evaluating
the contribution of the SAM to the self-energy. This
method allowed us to address the exponential decay of
current with molecular chain length, which was found to
persist even when the Fermi energy lies within the molec-
ular band, in contrast to the fully coherent approach (i.e.
without dephasing). The in-plane dephasing was shown
to lead to a substantial reduction of the current from
the single-molecule to the SAM, which in the fully co-
herent approach would require unrealistically large inter-
molecular coupling. Finally, the effect of dephasing on
more subtle features such as the odd-even effect and neg-
ative differential resistance was considered.
We conclude by pointing out that the method in-
troduced here, which inherently incorporates dephasing,
can be simply implemented within quantum chemistry
methods (and density-functional theory (DFT) in par-
ticular) which have been employed to study transport
through single-molecule junctions. Since DFT methods
require self-consistent calculation, our method does not
add much to the overall computational cost. The intra-
molecular coupling could be deduced from the orbital
structure of the single-molecules, or from auxiliary calcu-
lations of a few molecules. This method is thus a way to
introduce dephasing into ab initio calculations, and paves
the way for the first-principle study, prediction and de-
sign of the transport, thermoelectric [71, 96], optical [97]
but also other [98] properties of SAM-based molecular
junctions that can be studied for single-molecule junc-
tions.
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